The exact knowledge of hydrocarbon oxidation kinetics is very important due to the fact that this process is involved in many technological processes: combustion in engines and furnaces, flame synthesis of materials, partial oxidation processes in chemical technology, catalytic combustion, and exhaust gas treatment, etc. An overview is given on the present state of the art with respect to kinetic data on gas-phase and (shortly) surface oxidation of hydrocarbons. Furthermore, some applications are described in the areas mentioned above. Examples for the importance of the gas-phase oxidation of hydrocarbons are ignition and combustion in engines and furnaces and partial oxidation processes in industrial chemical reactors. In many applications, both gas-phase and surface chemistry are taking place. Examples here are flame generation of diamonds and syngas generation.
INTRODUCTION
It is well known for many decades, that combustion chemistry is a rather complex phenomenon [1, 2] , and realistic reaction mechanisms for simple hydrocarbons have been published in the last decade [3] [4] [5] . Nevertheless, for 2D or 3D applications in combustion science and technology, one-step approaches are used nearly exclusively at the present to make solutions possible within realistic computing times or to avoid principal physical problems (e.g., closure problems in modeling turbulent combustion). In this case, the global chemical reaction can be described in the general form (1) where A i are species symbols (i = 1,... ,n S ) and the ν i are stoichiometric numbers (index e for reactants, p for products). According to the pioneering of Guldberg and Waage [6] , the reaction rate R i of species i in eq. 1 often is proportional to powers of molar concentrations c i , if the variation of experimental conditions is sufficiently small: (2) The advantage of this approach, of course, is its short, simple formulation. However, this is paid for with a huge disadvantage: No extrapolation is possible to other experimental conditions, and even interpolation is dangerous due to the fact that the parameters κ (rate coefficient) and α i (reaction order with respect to c i ) in general are empirical parameters dependent on the experimental conditions, and cannot be given a physical meaning in a simple way (which means that no values can be estimated): 
A different approach is to use a reaction mechanism consisting of a set of elementary reactions [7] . In contrast to global reactions like the one-step reaction (eq. 1), these (thermal) reactions occur on a molecular level in the same way as the macroscopic reaction equation is written. Thus, α i and κ have a well-defined physical meaning: The reaction orders are equal to the (constant) reaction molecularities, and the rate coefficients can be identified, that is, to correspond to molecular vibration frequencies for unimolecular steps or gas kinetic collision numbers for bimolecular steps, thus being a function exclusively of temperature. This means that measurements for the determination of α i and κ can be made at experimentally well-accessible conditions and extrapolated to other conditions of pressure and concentrations, and that missing measurements can be replaced by results of quantum mechanics in the near future.
Unfortunately, these sets of elementary reactions can be excessively large (the number m R of reactions will be up to ~3000 in the ignition examples presented later, the number n S of species up tõ 1000):
The evaluation of the chemical reaction rates R i is then a very time-consuming procedure (leading to computation times of dozens or hundreds of hours on presently available supercomputers for simple 2D flames [8] ):
A further serious complication is stiffness of the differential equation system (eq. 5) due to extremely different time scales acting in such a multi-step mechanism [9] , making necessary time-consuming implicit solutions.
THERMODYNAMIC DATA AND TRANSPORT MODELS
High-temperature hydrocarbon oxidation usually is connected with transport and flow processes. Furthermore, thermodynamic data are needed to calculate specific heat capacities and enthalpies in the energy balance equation and for the computation of reverse reaction rate coefficients in the reaction mechanism (see below).
Thermodynamic data
For this purpose, polynomial fits of species molar heat capacities C p,i are used, consisting of seven coefficients for high (T > 1000 K) and for low (T < 1000 K) temperature (in each case, five coefficients for molar heat capacities C p,i , and two integration constants for enthalpy and entropy; details are in refs 10 and 11). A few examples are given in Table 1 
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Transport models
Hydrocarbon oxidation in combustion processes, due to their rapidity, in most cases lead to spatially nonuniform condition, inducing flow and transport processes. Transport takes care of broadening of steep profiles, where the temporal change of the quantity considered (e.g., temperature T, mass fractions w i , velocity v, ...) are proportional to the curvature of the actual profile (2 nd law of Fourier for T, 2 nd law of Fick for w i , z is the space coordinate). The transport coefficients (i.e., diffusion coefficient D i for w i , heat conductivity λ for T, viscosity η for v, ...) can be determined from intermolecular potential properties like the Lennard-Jones parameters σ (molecular diameter) and ε (potential well depth); e.g., for heat transport (6) where m = mass of the particle, κ = Boltzmann constant, and c V = c V /N A = molecular heat capacity. The inclusion of real gas effects modifies this rigid sphere result by a factor Ω (2,2)* (reduced collision integral, depending on ε). An exhausting treatment is given in the book by Hirschfelder, Curtiss, and Bird [12] ; computer packages for the determination of pure species and mixture transport properties have been described in the literature refs. 13-15.
HYDROCARBON OXIDATION IN COMBUSTION PROCESSES
Five steps are necessary to develop a working mechanism for the oxidation of hydrocarbons [3] :
Collection of all available experimental data on elementary reactions involved in the H 2 -O 2 -CO-C 1 -C 2 system. Compilations of this material are given (e.g., in refs 16-18).
2.
Extension of these data to higher hydrocarbons with help of group additivity rules [19, 20] ; see section "Automatic generation of reaction mechanisms". 3.
Test of these rate data with the help of experimental results on typical, but simple, (0D, 1D) combustion situations: ignition, flame propagation, flame structure.
4.
Modification of rate coefficients within the range of their error limits to reproduce the data on ignition, flame propagation, and flame structure.
5.
The most dangerous last step: addition of missing reactions using estimates of rate coefficients.
Some features of the reaction mechanisms resulting from this procedure are discussed in the following.
Fast fuel decomposition by radical pyrolysis
Calculations for flames in mixtures of hydrocarbons up to C 12 H 26 with air [3, 20] show a very simple result which can be extended to the higher alkanes. In lean and moderately rich flames the hydrocarbon is attacked by O, H, and OH, in the first step. These radicals are produced by the chain-branching steps of the oxyhydrogen reaction. Afterwards, thermal decomposition to smaller alkyl radicals by fast thermal elimination of alkenes turns out to be the only relevant reaction of the higher alkyl radicals (see Fig.  1a) . The three other possible reactions (alkyl radical recombination or disproportionation, alkyl + O 2 to form an alkene and HO 2 and alkyl + O to form an aldehyde and H atoms) are completely unimportant for propyl and the higher alkyl radicals [3] .
Thus, the problem of alkane oxidation can be reduced to the oxidation of methyl and ethyl radicals which is relatively well known (see next section). Only the relatively slow thermal decomposition of the smallest alkyl radicals (CH 3 and C 2 H 5 ) competes with recombination/disproportionation and with oxidation reactions by O atoms and O 2 . This part of the mechanism is rate-controlling in the combustion of alkanes and alkenes, and is therefore the reason for the similarity of all alkane and alkene flames. 
Slow oxidation of small hydrocarbon fragments
The oxidation of C 1 -and C 2 -hydrocarbons is now well known from isolated measurements of the relevant elementary reactions and their rate coefficients [16] [17] [18] [19] . The flame calculations presented here show methane to be attacked exclusively by H, O, and OH (see Fig. 1b ). The resulting CH 3 radical reacts only with O atoms to give formaldehyde. The CHO radical is formed then by H atom abstraction. CHO can decompose thermally yielding CO and H atoms, or the H atom can be abstracted by H or O 2 .
This simple scheme is complicated by the recombination of CH 3 . In stoichiometric CH 4 -air flames, this path consumes about 30% of the CH 3 ; in rich flames, this recombination ratio increases to about 80% [21] . In this sense, methane combustion in rich flames is mainly the combustion of C 2 -hydrocarbons. The recombination of CH 3 leads mainly to C 2 H 6 in a pressure-dependent reaction, but partly to C 2 H 5 and/or C 2 H 4 in pressure-independent reactions. C 2 H 6 again is attacked by H, O, and OH to form C 2 H 5 , the consumption of which is relatively complicated due to many competing reactions and due to the pressure dependence of its thermal decomposition (see Fig. 1b ).
Flame propagation
Results on flame front structure and on the velocity of stationarily burning flames into the unburnt gas can be extracted from computations solving the Navier-Stokes equations using the reaction mechanism, the thermodynamics, and the transport model described above, if the coordinate system is moved with the flame front and the calculation is continued until stationarity is reached. The mechanism for the oxidation of hydrocarbons presented above should predict experimental results on flame front structure and flame propagation velocities. In fact, within the limits of experimental error, there is agreement between experiments and calculations for free flame velocities, e.g., in aliphatic hydrocarbon-air systems (see Fig. 2 ).
More insight into the high-temperature reaction mechanism during flame propagation is provided by a systematic variation of rate coefficients in calculations of the flame velocity of lean, stoichio- metric, and rich C 3 H 8 -air flames at atmospheric pressure (see Fig. 3 ). For the large majority of reactions there is negligible sensitivity (therefore not shown). It is clearly shown that the flame velocities are relatively insensitive to reactions specific for the fuel oxidation. However, there is a strong influence of the two unspecific reactions of H atoms with O 2 and of CO with OH radicals. This means that lean and nearly stoichiometric hydrocarbon flames, on the whole, can be characterized as H 2 -O 2 -CO flames fed by the hydrocarbon. Nevertheless, for a detailed description of these flames none of the elementary steps in the reaction mechanism can be neglected.
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HYDROCARBON OXIDATION IN AUTO-IGNITION PROCESSES
The understanding of ignition processes is essential, for example, for industrial safety and internal combustion engine design. Ignition mainly is governed by chain-branching processes which are rather relatively unspecific of the fuel considered at high temperature, whereas they are much more fuel specific at low temperature, leading to very complex reaction systems if the different isomeric structures are taken into consideration [5] . Chain branching at high temperature (T > 1100 K at p = 1 bar) is predominantly provided by (radicalic species are marked by a point)
At medium temperature (1100 K > T > 900 K at p = 1 bar), additional chain branching is introduced by the following reaction sequence
At low temperature (T < 900 K at p = 1 bar), so-called "degenerated chain-branching" is taking place, characterized by the fact that the precursor of chain-branching (here: RO 2
•
) is decomposed at higher temperature, leading to an inverse temperature dependence of the reaction rate:
Subsequently, to attain sufficient chain branching, a second O 2 -addition has to take place, in a way similar to the first one: 
A potential reaction competing with the "internal abstraction" of a H atom (R2 and R5) is the elementary step
which in fact turns out to be relatively unimportant due to its small rate coefficient. By solution of the rate equations of the chemical reaction system considered, ignition delay times can be calculated for several higher hydrocarbons up to cetane (C 16 H 34 ) and compared to experimental shock tube results. The differences in ignition delay result from the pattern of alkyl radical decomposition that changes from one fuel to another due to the different isomeric structures of the alkyl radicals. Figure 4 shows a comparison between experimental data and the results of corresponding simulations of the ignition delay time t ind of n-C 7 H 16 -air mixtures [22, 23] .
AUTOMATIC GENERATION AND REDUCTION OF REACTION MECHANISMS
Automatic generation of reaction mechanisms
Because of the complexity of low-temperature oxidation, a detailed reaction scheme of higher hydrocarbons (which are components of practical fuels) typically involves several hundred chemical species taking part in thousands of elementary reactions (see of different reaction types is appearing, e.g., alkane thermal decomposition, H-atom abstraction to form an alkyl radical, alkyl radical isomerization, and β-decomposition of the alkyl radical for high temperature, and a few additional reaction types at low temperature [22] [23] [24] . Therefore, it is possible to formulate these reactions and their rate expressions using simple rules. These rules are executed with the aid of a computer code described in refs. 22-24. LISP is used as a support system, since the best flexibility with regard to the data structures, the algorithm development, and the user interface design is available in this programming language.
Automatic reduction of reaction mechanisms
A general procedure for simplifying chemical kinetics for complex flow models has been developed recently by Maas and Pope [3, 25] . It is based on the dynamical systems approach and decouples fast time-scales. The only input to the procedure are the detailed kinetics mechanism and the number of concentration variables to be used. The governing processes (i.e., flow, molecular transport, and chemical reaction) occur at time-scales which differ by orders of magnitude (chemical reaction time-scales in combustion processes: 10 -9 to 10 +2 , physical time-scales: 10 -5 to 10 -3 s). The very fast time-scales in chemical kinetics usually are responsible for equilibration processes (reactions are in partial equilibrium, species are in steady state) and can be decoupled by assuming local equilibrium with respect to the n F fastest time scales in the system. Besides reducing the number of equations that have to be solved in complex flow problems, a further advantage of this reduction is that table look-up can be used for the determination of reaction rates that would be impossible for the unreduced system. Furthermore, stiffness is removed from the system, making possible the use of explicit solution methods for the differential equations under consideration. An example is given in Fig. 6 [26] .
COMBINED GAS-PHASE AND SURFACE CHEMISTRY
Catalysis combustion presents a new possibility to reduce NO production. The oxidation here is performed at low temperatures, so that the radical reactions leading to pollutant generation in the gas phase are no more present. Due to problems with the catalyst life-time, often catalytically supported combustion is used, using partly gas-phase combustion (e.g., catalytic combustion in turbines up to ~1000 K, then gas-phase combustion at extremely lean conditions up to the turbine entrance temperature, ~1800 K [27] ). Mechanisms for the description of catalytic combustion of simple fuels such as hydrogen and carbon monoxide are described in the literature (see, e.g., ref. 28); a reaction scheme for the oxidation of hydrogen is illustrated by Fig. 7 . For the oxidation of methane and propene, attempts exist in the literature to formulate a mechanism [28, 29] ; the development is not yet finished here.
Other applications for combined gas-phase and surface mechanisms are exhaust gas catalysis [29] and chemical vapor deposition to produce materials such as diamond [30] .
